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Abstract Computational methods were used to calculate
the crystal lattice energy reflecting global interactions, pre-
dominantly long-range electrostatic interactions between
ions, as well as the energy of selected specific local C–HO,
C–Hp and pp interactions found in synthesized 7-(di-
ethylamino)-2-(2-oxo-2H-chromen-3-yl)chromenium per-
chlorate, the structure of which was determined by X-ray
crystallography. Local interactions occurring between
specific sites of molecules, amounting to a few tens of
kJ mol-1, most likely account for the mutual arrangement of
molecular ions, whereas global ones, exceeding half-a-
thousand kJ mol-1, are responsible for the thermodynamic
stability of the compound investigated in the crystalline solid
phase, whose potential applications are briefly outlined.
Keywords 2-(Coumarinyl)chromenium salt  Crystal
engineering and structure  Thermodynamics and features
of global and local interactions  Spectral properties
Introduction
Thermodynamic forces leading to the formation of crys-
talline solids are interactions between basic chemical en-
tities such as atoms, molecules, ions or molecular ions.
Knowledge of such interactions is thus crucial for under-
standing crystallization phenomena and the secrets of
crystal engineering. Non-specific interactions between
chemical entities are common in any crystalline solid. In
ionic solids, however, long-range electrostatic interactions
also occur, which substantially stabilize the crystal lattice.
Determining the energy of both these interactions, hence-
forth referred to as global interactions, as well as the en-
ergy of local interactions occurring between specific sites
of molecules, thus provides an opportunity to assess the
extent to which they contribute to the formation and sta-
bilization of crystalline solid phases. This is the important
issue that we are addressing in this work.
The compound used in our explorations of these various
types of interactions was crystalline 7-(diethylamino)-2-(2-
oxo-2H-chromen-3-yl)chromenium perchlorate (1). We
synthesized this molecular ionic substance in view of the
widespread occurrence of 2H-chromen-2-one (coumarin)
derivatives in living matter [1] and their interesting spectral
features [2, 3], which can be put to use in analytics [4, 5].
By combining coumarin and chromenium moieties of well-
known absorption and fluorescent abilities [3, 6–8] in one
molecule and supplementing the latter moiety with a
medium-sensitive amino group, we expected to obtain an
efficient spectral probe of the acidic/basic or electrophilic/
nucleophilic properties of an environment.
This paper reports briefly on the synthesis, identification
and crystal structure determination of 1. Furthermore, in-
tra- and intermolecular interactions within the crystal (such
as C–HO, [9] C–Hp [10, 11] and pp [12–14]) are
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localized and described. Calculations were then performed
to find out how the energy and Gibbs free energy of the
isolated cation of 1 changes during the rotation of
chromenium relative to 2H-chromen-2-one and diethy-
lamino relative to chromenium fragments and whether its
structure in the crystalline solid phase corresponds to the
lowest energy one. The energies and Gibbs free energies of
intramolecular and selected intermolecular interactions
within the isolated cation and the molecular assemblies
revealed in crystalline 1 were calculated and used to ex-
plore how far they contribute to crystal packing. Next, the
Gibbs free energy changes (relevant to the formation of
selected molecular assemblies revealed in crystalline 1) in
several liquid phases were calculated in order to obtain
some idea of how the medium affects the compound’s
crystallization. Then, the energy and entropy contributions
to the Gibbs free energy of crystalline 1 were evaluated so
as to get an idea of the extent to which they influence the
compound’s thermodynamic stability. Finally, preliminary
investigations of the spectral features of 1, important from




Compound (1) was synthesized using a modified version of
the procedure described in the literature [15]. A mixture of
4-(diethylamino)-2-hydroxybenzaldehyde and 3-acetyl-
2H-chromen-2-one in glacial acetic acid was stirred until
complete dissolution of the latter compound. Then, a 65 %
solution of perchloric acid in water was added and the
reactant mixture boiled for  h. After cooling, a small
portion of diethyl ether was added; this caused the product
to precipitate. The identity of the compound was confirmed
from the MS [m/z = 346 [M?] (FAB)] and 1H NMR
spectra (Table 1S in the Supplementary data) of the cation
of 1 (Fig. 1). Dark red crystals suitable for X-ray investi-
gations were grown from propan-2-ol/acetonitrile (4/1 v/v)
solution (m.p. 502–503 K).
X-ray crystallography
Crystallographic data were collected on an Oxford
Diffraction Gemini R Ultra Ruby CCD diffractometer with
graphite-monochromatic Mo-Ka radiation (k = 0.71073 A˚)
at 295 K. Crystal data and details concerning the structural
refinement are given in the Supplementary data, Tables 2S
and 3S and CCDC 916451.
ORTEP-3 [16] software was used to prepare the mole-
cular graphics, and the PLATON [17] and CrystalExplorer
[18] programs to reveal and analyse the molecular
interactions.
Spectroscopic measurements
The liquid and solid state absorption spectra were recorded
on a Hitachi U3210 spectrophotometer.
Doubly distilled water and spectral grade solvents were
used throughout. Analar grade NaOH and HCl were used to
record spectra in alkalinated or acidified water media,
respectively.
Computations
Unconstrained geometry optimizations were carried out
applying the Gaussian09 program package [19], either at
the density functional theory (DFT) [20], dispersion-cor-
rected density functional theory (DFT-D) [21] (in selected
cases) or TD (time dependent) DFT [22] levels with the
B3LYP functional [23–25] using gradient techniques [26]
and the 6-31G** basis set [27] or, in selected cases, at the
MP2 level [28] using the cc-pVDZ basis set [29, 30] with
and without (gaseous phase) the influence of the solvent; in
the former case, the polarized continuum model (PCM)
was applied (UHF radii were used to obtain the molecular
cavity) [31, 32]. Harmonic vibrational frequencies (Hessian
matrix) were computed to verify whether the optimized
structures correspond to true stationary (minima or transi-
tion) states [27] and used to predict the zero-point energy,
thermal energy (enthalpy) and entropy of gaseous entities
[33]. 1H magnetic shielding tensors were obtained fol-
lowing the gauge-including atomic orbital (GIAO) ap-
proach [34–36].
The energies of long-range electrostatic and short-range
non-specific dispersive and repulsive contributions to the
crystal lattice energy (calculated by combining the Cou-
lomb and Buckingham equations), representing the energy
of global interactions (occurring between many molecular
ions and any adjacent atoms of such neighbouring ions
(Fig. 1S in the Supplementary data)), were obtained using
the General Utility Lattice Program (GULP) [37]. It was
assumed that the relative charges of cations and anions






Fig. 1 Canonical structure of the cation of 1
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partial charges necessary for calculating the energy of
electrostatic interactions were those reproducing the
molecular electrostatic potential (MEP) around these enti-
ties [38] at the level of the M062X [39, 40] functional and
6-31 ??G** basis set [41]. It was further assumed that the
atomic parameters for calculating the energy of dispersive
and repulsive pairwise interactions were those reported in
the literature [42, 43].
Results and discussion
Crystal structure of 1 in the context of the mutual
arrangement of ions and local and global
interactions
The bond lengths (Table 3S in the Supplementary data),
similar to those reported for the compounds containing
chromenium [44, 45] and 2H-chromen-2-one [46, 47]
moieties, confirm the molecular structure of 1.
The cation of 1 links the nearly planar chromenium and
2H-chromen-2-one moieties, which are twisted with re-
spect to each other through an angle of 7.1(2)8 in the
crystalline solid phase (Table 4S in the Supplementary
data). The almost planar 2-(2-oxo-2H-chromen-3-
yl)chromenium core may be a consequence of the ap-
pearance of two intramolecular C–HO interactions
(Fig. 2), whose contribution to the structural stabilization
of the cation of 1 will be considered in due course. The
diethylamino group in the cation of 1 is almost planar
within the C7/N21/C23/C24 atoms and coplanar with the
chromenium skeleton (Table 4S in the Supplementary
data).
The tetrahedral perchlorate anions, the counterparts of
the cations described above, occupy two positions in the
crystalline solid phase of 1, with occupancy factors of
0.764(10) and 0.236(10) for Cl27/O28-O31 and Cl27A/
O28A-O31A, respectively (Fig. 2). This feature of the
anion is not unique, since such disordered species have
been found by ourselves [48] and others [49, 50].
The structural analysis revealed various types of intra-
and intermolecular interactions in the crystal lattice of 1,
considered subsequently as specific local interactions:
these are listed in Tables 1, 2, 3 and illustrated in Figs. 3
and 4. The cations and anions, linked via three Cl–Op
contacts, are assembled in ion pairs. Inversely oriented ion
pairs are arranged in corrugated layers in the ac plane
(Fig. 5) in which cations are in contact via C–Hp and
pp interactions, and cations and anions via C–HO(Cl)
interactions. Inversely interrelated layers are in contact via
C–HO(C,Cl) interactions. The network of these specific
local interactions, together with long-range electrostatic
interactions between ions, predominant in crystalline ionic
solids, and common non-specific dispersive and repulsive
interactions stabilize the crystal lattice of 1, whose subtle
column architecture is depicted in Fig. 2S in the Supple-
mentary data.
Thorough analysis of Hirshfeld surfaces (Figs. 6 and 3S
in the Supplementary data) and the associated fingerprint
plots [51–57] (Figs. 7 and 4S in the Supplementary data)
obtained using the CrystalExplorer program [18], carried
out in accordance with the rules outlined in the literature
and the examples described [51–57], confirms the occur-
rence of the interactions which are listed in Tables 1, 2 and
3. All the anions in the vicinity of the cation strongly in-
fluence the Hirshfeld surfaces (contribution 35.5 %)
through C–HO(C,Cl) interactions (red/yellow spots in
Figs. 6 and 3S(A) in the Supplementary data). Conspicuous
are the C–Hp and pp interactions involving benzene,
and benzene and 2H-pyran-2-one rings, which contribute
15.7 and 10.1 %, respectively, to the total Hirshfeld surface
(they are reflected by the light blue-yellowish area in
Fig. 6, the red and blue triangles in Fig. 3S(C) in the
Supplementary data and the flat regions in Fig. 3S(D) in
Fig. 2 Molecular structure of 1
(25 % probability level
ellipsoids represent non-H
atoms; small spheres of
arbitrary radius represent H
atoms) showing the labelling of
atoms, the numbering of
aromatic ring centroids (Cg1–
Cg4) and C–HO (dashed
lines) interactions
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the Supplementary data). The contribution of CO con-
tacts to the total Hirshfeld surface, tentatively ascribed to
Cl–Op contacts, is relatively small (3.5 %) for interac-
tions between oppositely charged ions. On the other hand,
the contribution of HH contacts to the total Hirshfeld
surface (33.5 %), common in organic molecular crystals, is
quite high. C–HO(C,Cl), C–Hp, Cl–Op and pp
interactions are more or less localized, whereas HH
contacts are diffused throughout the molecule (Figs. 7 and
4S in the Supplementary data).
Knowledge of the contributions of various interactions
to the thermodynamic stabilization of the crystal lattice is
crucial for understanding the fates of entities following the
formation of crystalline solid phases, as well as their
mutual arrangement and behaviour in these phases. On
account of this, the thermodynamics of the global and local
specific interactions shown in Fig. 5S in the Supplementary
data in the fragments of the crystal structure extracted from
the crystal lattice of 1 is considered in the next section.
Thermodynamics of local and global interactions
in the crystal lattice of 1 and of the process of its
formation
To obtain information on the structure and stability of
various entities and thermodynamics of molecular inter-
actions, quantum chemistry calculations were always car-
ried out at the less time-consuming DFT or DFT-D levels,
but in certain cases also at the more advanced and time-
consuming MP2 level. Such an approach enabled the cal-
culations to be completed in a reasonable time with the
expected comparability of results obtained on various
levels. The extent to which the inclusion of dispersive in-
teractions affects the energetics of pp contacts was also
verified [58, 59].
The first issue to be addressed was the stability of var-
ious structural/conformational forms of the cation of 1 re-
sulting from the rotation of the chromenium relative to
2H-chromen-2-one moieties or the amino group relative to




Method D–HAa D–H (A˚) HA (A˚) DA (A˚) D–HA (8)
X-ray C3–H3O22 1.00 (5) 2.21 (5) 2.863 (6) 122 (3)
MP2 1.09 2.09 2.832 123
DFT 1.08 2.10 2.840 123
X-ray C4–H4O22i 0.99 (5) 2.51 (5) 3.454 (6) 159 (3)
DFT 1.09 2.58 3.287 122
X-ray C14–H14O1 1.02 (3) 2.30 (3) 2.671 (5) 100 (2)
MP2 1.09 2.33 2.692 97
DFT 1.08 2.34 2.698 97
X-ray C14–H14O29ii 1.03 (3) 2.43 (3) 3.409 (9) 160 (3)
X-ray C16–H16O29 1.12 (5) 2.56 (5) 3.499 (10) 153 (3)
DFT 1.09 2.22 3.225 152
X-ray C17–H17O28 0.99 (5) 2.48 (5) 3.362 (8) 149 (4)
DFT 1.09 2.21 3.177 146
X-ray C18–H18O30iii 0.97 (5) 2.40 (5) 3.181 (10) 137 (4)
X-ray C23–H23ACg3iv 0.98 (5) 3.09 (5) 3.552 (5) 110 (3)
DFT 0.97 3.00 3.553 118
X-ray C23–H23BO31ii 1.03 (6) 2.47 (6) 3.416 (15) 152 (4)
X-ray C24–H24AO28v 1.07 (5) 2.32 (5) 3.366 (8) 164 (4)
Cg3 is the centroid of the C5–C10 ring. Predicted values refer to LE structures in Fig. 8 (intramolecular C–
HO(C) interactions) and b (min), c (min) and d (min) structures in Fig. 9 [relevant intermolecular
interactions indicated in Fig. 5S (Supplementary data)]
a Symmetry transformations: (i) -x?1, y?1/2, -z?3/2; (ii) -x?1, y?1/2, -z?1/2; (iii) x, -y?1/2, z?1/2;
(iv) -x?2, -y?2, -z?1; (v) x ? 1, y?1, z
Table 2 Cl–Op interactions in 1
Method X–IJa IJ (A˚) XJ (A˚) X–IJ ()
X-ray Cl27–O28Cg1vi 3.217 (7) 4.224 (2) 127.8 (4)
X-ray Cl27–O30Cg1vi 3.936 (10) 4.224 (2) 92.4 (4)
X-ray Cl27A–O31ACg1vi 2.93 (2) 4.26 (3) 161 (2)
DFT 3.56 4.62 127
Cg1 is the centroid of the O1/C2–C4/C9/C10 ring. Predicted values
refer to the a (min) structure in Fig. 9 [Cl–Op interactions indicated
in Fig. 5S (Supplementary data)]
a Symmetry transformation: (vi) -x ? 1, -y ? 1, -z ? 1
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optimizations at both levels that the lowest energy structure
of the cation of 1 shown in Figs. 8 and 8S (Supplementary
data) is closely related to the structure of this entity in the
crystalline solid phase (Tables 3S, 4S in the Supplementary
data). However, calculations predict the coplanarity of the
chromenium and 2H-chromen-2-one moieties in the gas-
eous phase and various environments, while in the crys-
talline solid phase these moieties are twisted by an angle
exceeding 7. Further information is provided by two
computational experiments.
In the first one, the dihedral angle between the
chromenium and 2H-chromen-2-one moieties was changed
by 360, starting from the lowest energy structure. Two
transition states and one intermediate state were found on
the rotation path (Fig. 8). The energy (Gibbs free energy)
of intermediate state, 23.4 (23.6) kJ mol-1 (MP2 level),
Table 3 pp interactions in 1
Method I Ja CgICgJ (A˚) Dihedral angle (8) CgI_Perp (A˚) CgJ_Offset (A˚)
X-ray 2 3vii 3.570 (2) 5.9 (2) 3.485 (2) 0.774 (2)
DFT 3.583 4.8 3.532 0.602
X-ray 3 2vii 3.570 (2) 5.9 (2) 3.540 (2) 0.462 (2)
DFT 3.625 6.7 3.598 0.442
X-ray 2 4vi 3.596 (3) 0.9 (2) 3.389 (2) 1.440 (2)
DFT 3.729 6.8 3.512 1.253
X-ray 4 2vi 3.596 (3) 0.9 (2) 3.375 (2) 1.241 (2)
DFT 3.574 8.3 3.409 1.073
X-ray 4 4vi 3.665 (2) 0 (2) 3.370 (2) 1.440 (2)
DFT 3.778 5.8 3.399 1.649
I and J denote interacting rings. Cg2, Cg3 and Cg4 are the centroids of the O11/C12–C14/C19/C20;C5–C10
and C15–C20 rings, respectively. CgICgJ is the distance between ring centroids. The dihedral angle is
that between the planes of the rings I and J. CgI_Perp is the perpendicular distance of CgI from ring J.
CgI_Offset is the distance between CgI and the perpendicular projection of CgJ on ring I. Predicted values
refer to e (min) and f (min) in Fig. 9 [pp interaction indicated in Fig. 5S (Supplementary data)]
a Symmetry transformations: (vi) -x ? 1, -y ? 1, -z ? 1; (vii) -x ? 1, -y ? 2, -z ? 1
Fig. 3 The arrangement of ions (non-H atoms are represented by
25 % probability level ellipsoids; H atoms not involved in interac-
tions have been omitted, those involved in interactions are shown as
small spheres of arbitrary radius) and C–HO and C–Hp interac-
tions (represented by dashed lines) in the crystal lattice of 1 (see
Table 1 for details)
Fig. 4 The arrangement of ions (non-H atoms are represented by
25 % probability level ellipsoids; H atoms have been omitted) and
Cl–Op and pp interactions (represented by dotted lines) in the
crystal structure of 1 (see Tables 2, 3 for details)
Struct Chem (2016) 27:637–649 641
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higher than the lowest energy state represents the structure
without C–HO interactions. This value can thus be ten-
tatively regarded as the sum of the energies (Gibbs free
energy) of the two intramolecular H-bonding interactions
in the cation of 1. Transformation from the lowest energy
state to the intermediate state requires energy (Gibbs free
energy) activation barriers amounting to 31.5 (32.8)
kJ mol-1 (MP2 level) to be overcome. In the second
computational experiment, the dihedral angle between the
chromenium moiety and the amino group in the cation of 1
was changed by 360, starting from the lowest energy
structure (Fig. 8; Table 4S in the Supplementary data). The
results show that rotation by 180 leads to the lowest en-
ergy (Gibbs free energy) state, whereas rotation by ca. 90
or 270 leads to transition states with an activation energy
(Gibbs free energy) barrier of 65.3 (70.5) or 62.8
(69.7) kJ mol-1 (MP2 level), respectively (Fig. 6S in the
Supplementary data). The results of the above-mentioned
calculations thus demonstrate that the lowest energy (Gibbs
free energy) structure of the cation of 1 can be related to
the structure of this entity in the crystalline solid phase.
Further, they highlight the importance of intramolecular C–
HO bonding interactions in the stabilization of the
structure of this ion. Finally, it is probable that the almost
planar 2-(2-oxo-2H-chromen-3-yl)chromenium core fa-
cilitates the appearance of intermolecular pp interactions
involving chromenium and 2H-chromen-2-one moieties,
and consequently the packing of the cations of 1 in the
crystal.
Selected intermolecular interactions listed in Tables 1, 2
and 3 were considered by carrying out unconstrained ge-
ometry optimizations of two-component assemblies of ions
in the lowest energy and transition (in the case of cation
assemblies) stationary states and isolated ions, starting
Fig. 5 Projection of the crystal packing (H atoms have been omitted;
non-H atoms are represented by 25 % probability level ellipsoids) on
the ab plane in 1 (interactions are not indicated)
Fig. 6 Hirshfeld surface [front
(left) and reverse (right) views]
of the cation of 1 reflecting the
normalized contact distance
(dnorm) with surrounding ions
supplemented with selected
interactions listed in Tables 1, 2
and 3
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from the relevant structures of these entities in the crys-
talline solid phase (shown in Fig. 5S in the Supplementary
data). Such an approach enabled individual consideration
of all types of intermolecular interactions occurring in
crystalline 1 and completion of calculations at the DFT or
DFT-D levels within a reasonable time. The optimized
Fig. 7 Two-dimensional (de/di) fingerprint plots [full (upper left) and resolved into different interactions—see also Fig. 4S] representing the
contributions (in per cent) of particular types of contacts to the total Hirshfeld surface area of the cation of 1
Fig. 8 Structures (MP2/cc-pVDZ level) together with relative values
of energy (DE, first value), enthalpy (DH, second value), Gibbs free
energy (DG, third value) (in kJ mol-1) and angle (fourth value)
representing stationary [lowest energy (LE), intermediate (IS) and
transition (TS) states] points following rotation of chromenium (Ch)
relative to 2H-chromen-2-one (Ch-one) moieties (around C2–C13
bond) in the cation of 1 predicted at the MP2/cc-pVDZ (blue) and
DFT/6-31G** (red) levels (Color figure online)
Struct Chem (2016) 27:637–649 643
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lowest energy and transition state structures of two-com-
ponent assemblies of ions together with the relative en-
ergies corresponding to their formation from relevant
isolated entities are illustrated in Fig. 9, and the thermo-
dynamic data obtained are listed in Table 4. It emerges
from the thermodynamic data that only interactions be-
tween oppositely charged ions lead to stable ion pairs
(a and c) in the gaseous and liquid diethyl ether phase
(negative values of DE, DH and DG). When equally
charged cations approach one another, there is a gradual
increase in energy (Gibbs free energy). On the reaction
pathway, however, there are always two stationary points:
one corresponding to the energy minimum and the other to
the transition state. This means that intermolecular C–
HO(C) (b), C–Hp (d) and pp (e) interactions occur
between equally charged cations, contributing to the local
stabilization of the crystal lattice of 1. The energy (Gibbs
free energy) of these interactions should at least be equal to
the difference between the relevant quantities for the
transition state and the local minimum. The energies of
single C–HO(C) (b), C–Hp (d) and pp (e and f) in-
teractions in the gaseous phase estimated on this basis
would be 7.3 (b), 22.3 (d), 22.9 (e) and 24.5 (f) kJ mol-1
[the latter two values can be ascribed to one of two pp
interactions occurring between inversely oriented Cg3
(benzene) and Cg2 (2H-pyran-2-one) (e) and Cg4 (ben-
zene) and Cg2 (2H-pyran-2-one) (f) rings in pairs of ca-
tions of 1 (Fig. 9)]. With these energy values, the above-
mentioned local interactions between ions contribute ap-
preciably to their mutual orientation and stabilization of the
crystal lattice.
Crystals of 1 should occur as a result of interactions
lowering Gibbs free energy. In water, propan-2-ol and
acetonitrile all the types of interactions considered, even
between oppositely charged ions, bring about an increase in
DG (Table 4). Only in diethyl ether do interactions be-
tween oppositely charged ions (represented by a and c)
cause DG to decrease. In the presence of this solvent,
therefore, conditions appear that are favourable to the
precipitation of 1, which are made use of during the syn-
thesis of the compound. As far as repulsive interactions
between equally charged cations of 1 are concerned, they
generally become weaker in various liquid phases
(Table 4). As mentioned in the experimental section,
crystals of the compound for X-ray investigations were
grown from a propan-2-ol/acetonitrile = 4/1 mixture. It is
not possible to carry out PCM calculations for such a
phase. Nevertheless, those that were performed show that a
liquid phase containing acetonitrile and propan-2-ol,
weakening repulsive interactions between equally charged
ions and maintaining such interactions between oppositely
charged ions at a relatively low level, is a good ex-
perimental choice of a crystallization solvent.
Crystals of 1 are composed of formally singly charged
molecular ions, namely organic cations (Fig. 1) and inor-
ganic ClO4
- anions. Such a charge distribution between
ions roughly occurs in cation–anion pairs (Table 5S in the
Supplementary data), which endorses the assumptions un-
derlying the crystal lattice energy calculations. The crystal
lattice energy (enthalpy), reflecting the energy released
upon the formation of a solid phase from isolated gaseous
ions, is predicted to be -590.8 (-595.8) kJ mol-1. A
major contribution to this value amounting to
-395.9 kJ mol-1 comes from Coulombic interactions. The
combined contribution from dispersive and repulsive in-
teractions is lower (-194.9 kJ mol-1). The crystal lattice
energy representing global interactions in the solid phase
can be compared with the energies of specific local inter-
actions between the ions listed in Table 4. This comparison
shows that the energy released following the formation of
1 mol of cation–anion pairs makes up more than half of the
crystal lattice energy. Individual specific interactions con-
tribute just a few per cent to the crystal lattice energy.
Nevertheless, they do influence the mutual orientation of
ions and together contribute to the stabilization of the solid
phase.
The magnitude of the negative entropy term destabiliz-
ing the crystal lattice is difficult to assess because the
relevant thermodynamic data are lacking and there is no
way of predicting them (for solid 1). In the formation of
1 mol of cation–anion pairs (a in Table 4), -TDS is equal
to 40.8 kJ mol-1, i.e. makes up only 13.6 % of the lattice-
stabilizing enthalpy term. For the formation of simple NaCl
ionic crystals from gaseous ions, the entropy term (taken to
be -TDS) makes up 8.7 % of the crystal lattice enthalpy
(on the basis of data reported in NIST [60] ). Assuming that
the contribution to the entropy of crystalline 1 comes only
from molecular vibrations of ions (identical to those in the
gaseous phase) and not from lattice (neglected) and
molecular vibrations, and taking the predicted (MP2 level)
entropies of the ions making up the compound, the value of
-TDS would be 173.9 kJ mol-1, i.e. would reach at most
29.2 % of the above-mentioned crystal lattice enthalpy.
This means that entropy term destabilizing the crystal lat-
tice of 1 does not predominate at room temperature.
Molecular packing of 1 in the context of global
and local interactions in the crystal lattice
The main forces leading to the formation of crystalline
ionic substances such as 1 are electrostatic interactions
between ions. These long-range interactions are globally
attractive because oppositely charged ions are located
closer to one another than equally charged ones, which
gives rise to the strong energy decrease expressed by the
Coulombic contribution to the crystal lattice energy.
644 Struct Chem (2016) 27:637–649
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Crystals are, however, formed under certain experimental
conditions, usually after dissolution of the compound in
an appropriately selected liquid phase. In such a phase,
interactions between oppositely charged ions leading to
the formation of ion pairs should be attractive; otherwise,
the ions would not approach one another. In the case of 1,
crystals were grown from a 4/1 propan-2-ol/acetonitrile
mixture. It is demonstrated that the formation of cation–
anion pairs in propan-2-ol is possible since the Gibbs free
energy of the process is equal to 2.8 kJ mol-1 (Table 4),
Fig. 9 Optimized structures (DFT/6-31G** level) and relative
energies (in kJ mol-1) representing stationary points [minima (min)
and transition states (TS)] following the formation of assemblies of
oppositely (ion pairs, a and c) or equally (dimers, b, d, e and f)
charged ions in the gaseous phase (for further information see
Table 4)
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which corresponds to an equilibrium constant of 0.32.
Thus, a conspicuous number of such pairs should exist in
the equilibrium state. If one assumes that cation–anion
pair formation is the first step in the crystallization of 1,
then the next steps would be the growth of the crystal by
the incorporation of successive ion pairs. Crystal growth
is followed by a decrease in energy since electrostatic
interactions between ions are much stronger in the ab-
sence of a solvent (Table 4). The mutual arrangement of
ions in a growing crystal lattice depends to some extent on
non-specific dispersive and repulsive interactions (in-
cluded in the calculated crystal lattice energy) but pre-
dominantly on identified specific local C–HO(C), C–
Hp and pp interactions. Intramolecular C–
HO(C) interactions stabilize the almost planar structure
of the cation core, and this may facilitate other interac-
tions, e.g. of the pp type. On the other hand, inter-
molecular C–HO(C) and C–Hp interactions link
cations of adjacent ion pairs and contribute to the stabi-
lization of the whole crystal lattice.
Spectral features of 1 in solid phase and solutions
Compounds containing chromenium or 2H-chromen-2-one
fragments in their structure efficiently absorb radiation
from the visible region and emit it in this region [2–8].
Absorption of compound 1, in which the two above-men-
tioned fragments are combined, is red shifted (Fig. 7S in
the Supplementary data), while its emission is very week.
Furthermore, the spectral characteristics of 1 are markedly
influenced by acidity/basicity as a result of the reversible
protonation/deprotonation of the amino N atom or the non-
reversible hydroxylation of the pyranium ring, most prob-
ably in the para position with respect to the endocyclic O
atom (Fig. 7S in the Supplementary data), and the struc-
tural (Fig. 8S in the Supplementary data) and electron
population changes accompanying these latter processes
(Fig. 9S in the Supplementary data). The behaviour of
compound 1 (its cation) outlined above makes it a
promising spectral indicator of acidity or electrophilicity/
nucleophilicity of an environment [6].
Table 4 Computationally
predicted thermodynamic data
(in kJ mol-1) for the formation
of assemblies of oppositely (ion
pairs, a and c) or equally
(dimers, b, d, e and f) charged
ions in the gaseous phase or
liquid environments
Ion assembly (Fig. 9) Gaseous phase
DE DH DG
min TS min TS min TS
a -304.9 -299.6 -258.8
(-335.0) (-329.7) (-288.9)
b 79.0 93.6 84.5 96.6 122.5 136.7
(70.0) (84.5) (75.5) (87.4) (113.5) (127.5)
c -207.8 -203.8 -171.2
(-221.9) (-218.0) (-185.3)
d 122.1 166.6 121.2 170.9 162.7 208.6
(121.5) (159.2) (120.6) (163.5) (162.1) (201.2)
e 146.4 192.2 146.3 194.9 199.2 253.8
(137.9) (168.2) (137.8) (171.0) (190.7) (229.8)
f 95.2; 88.3 144.2 98.3; 91.1 146.6 144.4; 141.4 197.1
(88.6; 74.9) (127.2) (91.8; 77.8) (129.7) (137.8; 128.0) (180.2)
Ion assembly (Fig. 9) Liquid environment (DG)
diethyl ether acetonitrile propan-2-ol water
min TS min TS min TS min TS
a -59.2 1.2 11.3 26.8 2.8 18.6 12.7 25.6
b 34.1 47.3 38.8 54.2 35.2 60.4 33.1 59.6
c -23.7 2.3 22.3 40.3 14.7 28.7 21.6 40.1
d 57.0 96.8 33.6 62.7 46.6 59.9 39.3 54.8
e 64.8 98.5 53.1 84.0 54.4 83.0 55.2 75.9
f 48.9 59.5 50.3 60.6 49.6 58.9 43.4 53.9
Differences of energy (DE), enthalpy (DH) and Gibbs free energy (DG) corresponding to stationary points
[minima (min) or transition states (TS)] predicted at the DFT/6-31G** and (in the case of f) DFT-D/6-
31G** (second value) (gaseous phase; in parentheses, values without inclusion of base superposition error)
or DFT(PCM)/6-31G** levels
646 Struct Chem (2016) 27:637–649
123
Conclusions
The existence of various specific interactions/contacts be-
tween certain sites of molecular ions constituting the
crystal lattice of 1 confirm results the quantum chemistry
calculations.
It emerges from these calculations that the energy of two
intramolecular H-bonding interactions in the cation of 1,
which form S(5) and S(6) H-bond synthons (Table 1;
Fig. 2), is 23.4 kJ mol-1. This implies that they make a
pronounced contribution to the maintenance of its
planarity.
The energies of a single specific intra- and inter-
molecular C–HO(C) contact, as well as of intermolecular
C–Hp and pp interactions, amounting to 9.5 (on av-
erage), 22.3 and 23.7 (on average), respectively, are sig-
nificantly higher than those of the non-specific dispersive
interactions (energy of the order of a few kJ mol-1) [10].
This provides sufficient motivation to include them in
crystal structure analysis, crystal engineering and the de-
sign of new crystalline materials.
The main contribution to the stabilization of the crystal
lattice of 1, which comes from long-range electrostatic
interaction between ions, overlaps the common but less
pronounced short-range non-specific dispersive and repul-
sive interactions between these entities.
Various specific local interactions play an important role
in the mutual orientation of ions and their placement in the
crystalline solid phase. The destabilizing crystal lattice
entropy term is not dominant at room temperature.
Thermodynamic analysis of interactions between op-
positely and equally charged ions explains their behaviour
in various liquid environments and forms the basis for
modelling conditions favourable to the crystallization of 1.
The absorption features of 1 are promising as regards its
application as an indicator of the acidity or electrophilicity/
nucleophilicity of a liquid environment.
Supplementary data
Supplementary data available: CCDC 916451 [crystallo-
graphic data (CIF) for compound 1] and details concerning:
identification of the compound, X-ray measurements,
structural features, intermolecular interactions and elec-
tronic absorption phenomena.
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